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ABSTRACT 


Surface  shear  wave3  (Lg)  with  initial  period  about  l/2 
to  6  sec  with  sharp  commenc ements  and  amplitudes  larger  than 
any  conventional  phase  have  been  recorded  for  continental  paths 
at  distances  up  to  6000  km*  These  waves  have  a  group  velocity 
of  3*51  -  *07  km/sec  and  for  distances  greater  than  20°  they 
have  reverse  dispersion*  For  distances  less  than  about  10°  the 
periods  shorten  and  l£  merges  into  the  recognized  near- earth¬ 
quake  phase  Sg* 

An  additional  large  amplitude  phase  in  which  the  orbital 
motion  of  the  particle  is  retrograde  elliptical  and  the  velocity 
is  3*05  -  *07  km/sec  has  also  been  observed  for  continental  paths* 

It  is  believed  that  these  phases  are  propagated  through  a 
wave  guide  formed  by  a  superficial  sialic  layer*  The  problem  of 
explaining  the  propagation  of  these  surface  waves  is  that  of  find¬ 
ing  a  crustal  structure  which  is  consistent  with  the  other  data 
of  geology  and  geophysics  and  which  will  provide  a  suitable  wave 
guide  for  the  new  phases*  A  possible  nature  of  the  wave  guide  is 


described. 


INTRODUCTION 


Large  surface  waves  with  velocities  between  3  and  3.5 
km/sec  from  shocks  on  the  California  coast  were  observed  at 
Palisades  shortly  after  the  seismographs  were  installed.  Shocks 
as  small  as  magnitude  4*7  produced  sharp  phases  giving  consistent 
readings  to  within  a  few  seconds  at  distances  of  about  35° •  Some 
of  the  shocks  arrived  on  an  azimuth  of  almost  due  west,  and  as 
three  components  of  motion  were  measured  with  seismographs  having 
closely  similar  constants,  it  was  possible  to  identify  two  trains 
of  waves  -  one  exhibiting  primarily  SH  motion,  the  other  primarily 
Rayleigh  type.  Since  the  speeds  were  appropriate  values  for  short 
period  Love  and  Rayleigh  type  waves  in  a  superficial  granitic  layer, 
the  phases  were  called  Lg  and  Rg.  These  phases  were  found  on 
Palisades  records  for  West  Coast  shocks  from  Mexico  to  Alaska  al¬ 
though  the  separation  of  the  later  phase  Rg  was  not  clear  except 
for  those  coming  from  nearly  west* 

A  few  records  from  several  other  stations,  including  Pasadena, 
Berkeley  and  St.  Louis  and  from  shocks  in  several  regions  of  North 
America  were  examined  for  lg.  The  phase  was  followed  in  to  epicentral 
distances  of  a  few  degrees,  where  it  became  identical  with  Sg.  It 
was  found  for  every  continental  path  examined  and  for  no  mixed  path 
with  sizeable  ocean  sequent. 

We  will  attempt  to  show  that  Lg  consists  of  SH  waves  multiply 
reflected  within  a  superficial  sialic  layer. 

The  absence  of  the  long  period  branch  Love  waves  and  the  dura- 


tion  of  the  wave  traces  cannot  be  accounted  for  on  the  theory 
of  Love  waves  in  any  of  the  crustal  structures  usually  assumed. 

The  only  explanation  of  these  features  which  has  occurred  to  the 
authors  depends  on  the  assumption  that  above  the  Mohorovicic  dis¬ 
continuity  we  have  an  "incompetent”  layer  in  which  the  velocity 
of  shear  waves  is  very  low. 

Because  of  the  conflict  between  this  view  and  current 
concepts  of  continental  structures,  judgment  on  it  is  withheld 
until  further  investigations  are  completed. 

The  Ig  Phase 

Surface  waves,  for  which  we  propose  the  symbol  Lg,  with 
initial  period  about  1/2  to  6  seconds  with  sharp  commencements  and 
amplitudes  far  larger  than  those  of  any  conventional  phase  have  been 
recorded  on  continental  paths  at  distances  up  to  6000  km.  These 
waves  have  a  group  velocity  of  about  3*51  -  *07  km/sec.,  and  for 
distances  greater  than  about  20°  they  have  reverse  dispersion 
(lower  group  velocities  for  longer  periods).  Typical  appearance 
of  the  phase  at  about  4000  km  is  as  follows  (Figure  1):  during  the 
first  few  cycles  the  waves  have  approximately  equal  amplitudes  on 
all  three  components,  but  the  transverse  horizontal  rapidly  gains 
amplitude  and  becomes  several  times  larger  than  the  other  t>ro  with¬ 
in  about  30  seconds.  Approximately  1  minute  after  the  commencement 
of  the  phase,  the  amplitude  on  the  transverse  component,  having 
reached  a  value  many  times  larger  than  that  of  S  or  SS  on  any 
component,  begins  to  decrease  gradually,  dut  does  not  drop  to  a 


value  comparable  with  that  of  S3  until  about  20  minutes  later, 
the  period  then  being  of  the  order  10-14  sec.  The  group  velocity 
for  the  latter  part  of  this  phase  is  certainly  less  than  about  2 
km/sec,  the  lower  limit  being  uncertain. 

For  distances  less  than  about  10°  the  periods  shorten  and 
Lg  merges  into  the  recognized  near-earthquake  phase  Sg. 

The  Rg  Phase 

The  Rg  phase  also  has  large  amplitudes  on  the  seismogram. 

Its  velocity  is  3*05  -  *07  km/sec,  the  period  of  the  maximum  phase 
varies  from  8  to  12  seconds.  The  orbital  motion  of  a  surface 
particle  is  retrograde  elliptical.  The  dispersion  is  not  marked 
but  when  readable  it  is  normal  (i.e.  the  longer  periods  have  higher 
group  velocities).  In  the  neighborhood  of  its  largest  amplitude  it 
is  easily  distinguished  from  Lg  on  earthquakes  whose  azimuth  from 
Palisades  is  due  west  by  the  complete  absence  of  correlated  large 
amplitudes  on  the  north-south  component.  Its  duration  is  difficult 
to  determine  because  its  amplitude  decreases  to  approximately  that 
of  Lg  only  a  few  minutes  after  the  maximum.  Figure  2  shows  typical 
Rg  phase  recorded  at  Palisades.  At  distances  less  than  about  10° 

Rg  merges  into  the  recognized  surface  waves  of  near  earthquakes. 

DATA 

The  travel  time  data  for  Lg  and  Rg  are  given  in  Table  1. 
Shocks  with  continental  paths  recorded  at  Palisades  for  which 
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epicenter  location  and  origin  time  are  available  form  the  basic 
material  for  this  study,  A  few  seismograms  at  Berkeley,  Pasadena 
and  St,  Louis  have  been  examined  during  brief  visits  to  these 
stations,  and  occasional  readings  from  other  stations  have  been 
used  primarily  to  demonstrate  that  the  Palisades  results  are 
typical.  Figure  3  shows  the  paths  of  Lg  for  these  earthquakes 

Although  the  instrumentation  at  Palisades  has  increased 
considerably  beyond  that  available  for  our  earlier  recordings, 
the  first  instruments  installed  here  were  quite  good  for  this  study. 
They  provided  three  well  matched  components  with  good  response  in 
the  period  range  of  Lg  and  Rg.  It  is  difficult  to  identify  Rg  with¬ 
out  a  vertical  which  matches  the  horizontals,  and  even  with  such 
instrumentation  it  was  a  great  advantage  in  learning  the  distinctive 
features  of  these  phases  to  have  many  of  the  shocks  arriving  from 
direct  due  west. 

The  readings  at  Pasadena  were  made  from  an  excellent  file 
of  records  selected  several  years  ago  by  Gutenberg  and  Richter. 

This  file  was  arranged  in  the  order  of  increasing  epicentral 
distances,  and  there  were  but  few  gaps  of  more  than  1  or  2  degrees 
epicentral  distance.  Every  record  in  this  file  was  examined,  regard¬ 
less  of  the  nature  of  the  path.  It  was  found  that  lg  was  recorded 
only  for  continental  paths. 

It  is  apparent  from  the  velocity  and  large  amplitudes  that 
Lg  is  a  wave  which  is  confined  to  a  surface  or  near-surface  layer 
by  wave  guide  action.  A  rough  calculation  given  below  suggests  the 
boundary  is  no  deeper  than  the  Mohorovicic  discontinuity,  and  it  is 


very  likely  to  be  shallower*  Regardless  of  the  details  of  the 
wave  guide ,  no  energy  will  be  radiated  into  the  region  below 
the  Mohorovicic  discontinuity  from  any  wave  whose  phase  velocity 
is  less  than  about  4*7  km/sec,  the  velocity  of'  shear  waves  below 
this  discontinuity*  The  problem  of  explaining  the  propagation 
of  the  surface  waves  reported  in  this  paper  is  that  of  finding  a 
crustal  structure  which  is  consistent  with  the  other  data  of 
geology  and  geophysics,  and  which  will  provide  a  wave  guide  for 
the  new  phases  introduced  here  which  require  group  velocities  of 
about  3.5  km/sec  at  periods  of  about  2  seconds  and  less  than  2 
km/sec  at  periods  of  about  12  seconds* 

POSSIBLE  NATURE  OF  WAVE  GUIDE 

In  the  first  attempt  to  explain  this  surface  wave,  the 
authors  were  impressed  with  the  similarity  of  its  commencement 
with  that  of  the  compressional  wave  in  shallow  water  transmission^ 
(Figure  4)*  Lg  was  therefore  considered  to  be  the  high  frequency 
branch  of  the  classical  Love  Wave  dispersion  curve  in  a  sialic 
surface  layer,  but  this  hypothesis  was  quickly  abandoned  for  the 
following  reasons:  (1)  No  trace  of  the  long  period  branch  of  Love 
waves  could  be  found;  (2)  the  duration  of  the  wave  train,  which 
depends  upon  the  ratio  between  the  short  period  group  velocity  and 
the  minimum  of  group  velocity,  is  an  order  of  magnitude  larger  than 


1*  Maurice  Ewing,  J«L*Worzel,  C.  L*  Pekeris,  "  Pro  po  gat  ion  of  Sound 
in  The  Oceans",  Memoir  27*  Geol*  Soc*  Amer..  194$. 
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allowed  by  Love  wave  theory;  (3)  the  notion  on  the  other  two 
components  required  some  extension  of  the  classical  Love  wave 
theory. 

Alternative  hypothesis  allowing  sufficiently  low  group 
velocities  to  explain  the  duration  of  the  transverse  motion  must 
involve  multiple  reflection  of  SH  waves  in  a  solid  surface  layer 
at  angles  of  incidence  approaching  normal*  One  example  of  this 
type  of  propagation  is  that  of  Love  waves  if  the  theory  be  extend¬ 
ed  to  include  transmissions  at  angles  steeper  than  the  critical 
angle  with  attendant  leakage  of  energy  into  the  substratum*  This 
type  of  transmission  has  been  observed  for  the  analagous  case  of 
multiple  reflected  compressional  waves  in  shallow  water  underlain 
by  a  smooth  rock  bottom,  the  energy  loss  through  leakage  being 

2 

compensated  by  automatic  volume  control  of  the  recording  system* 
Use  of  multiple  detectors  —  the  usual  geophysical  reflection 
spread  —  showed  that  the  phase  velocity  approached  infinity  as 
the  group  velocity  approached  zero*  Despite  the  unusually  large 
contrast  in  acoustical  impedance  at  the  sea  floor  in  this  case, 
simple  amplitude  calculations  indicate  that  without  the  large 
time  increase  of  amplitude  gain  provided  by  use  of  automatic 
volume  control  this  type  of  propagation  would  not  have  been 
observable* 

Similar  amplitude  considerations  in  the  case  of  the  Ig 
phase,  as  well  as  the  complete  absence  of  a  longer  period  branch 


2*  K*E*Burg,  Maurice  Ewing,  Frank  Press,  E*J*  Stulken,  "A  Seismic 
Wave  Guide  Phenomenon",  in  press  Geophysics* 


of  Love  waves,  seems  to  rule  out  the  possibility  that  the  layer 
through  which  Ig  is  propagated  is  underlain  by  a  solid  having 
a  value  of  shear  velocity  anywhere  near  that  of  the  layer* 

A  second  example  is  the  propagation  of  SH  waves  in  a  plate, 
by  means  of  multiple  internal  reflections*  Typical  dispersion  for 
this  case  is  shown  in  Figure  5,  taken  from  a  paper  of  Press  and 
Ewing3*  According  to  this  dispersion  curve  the  first  oscillations 
at  a  point  whose  distance  from  an  Implusive  source  is  large  compar¬ 
ed  to  the  plate  thickness,  travel  with  the  velocity  £,  of  shear 
waves  in  the  plate,  and  have  high  frequencies  and  an  impulsive 
beginning*  The  train  of  waves  which  follows  is  of  infinite  dura¬ 
tion  and  decreases  in  frequency  to  a  cut  off  value  of  f  -  n£/2H, 
where  H  is  the  thickness  of  the  plate  and  n  •  1,  2,  is  the 

mode  of  propagation*  The  SH  waves  in  a  plate  which  is  in  contact 
with  a  fluid  substratum  cannot  "leak"  out  of  the  plate,  even  for 
angles  of  incidence  approaching  normal*  In  a  general  way  an  earth 
model  in  which  a  sialic  plate  rests  on  a  "fluid"  substratum  could 
explain  the  main  features  of  the  Lg  waves  as  observed  on  a  trans¬ 
verse  horizontal  seismograph*  For  the  cut-off  frequency  of  about 
1/12  cps  indicated  on  the  Palisades  seismograms  the  plate  thickness 
would  be  about  20  km  for  propagation  in  the  first  mode* 

The  theory  for  propagation  of  SV  waves  in  a  plate  floating 
on  a  fluid  substratun  of  finite  thickness  is  more  complicated,  due 
to  the  transformation  of  part  of  the  energy  into  campressional 
waves  at  each  reflection,  but  its  general  features  can  be  deduced 


3 •  Prank  Press  and  Maurice  Swing,  "Propagation  of  Elastic  Waves  in 
a  Floating  Ice  Sheet"  in  press  Trans*  Amer*  Geophys*  Union 


from  the  work  on  the  floating  ice  sheet,  in  which  the  thickness 
of  the  fluid  substratum  was  unlimited*  According  to  this  theory 
there  is  an  infinite  number  of  modes  of  propagation.  In  the 
first  mode  a  short  period  Rayleigh  wave  at  speed  .92$  is  predict¬ 
ed  at  one  end  of  the  spectrum  with  a  longitudinal  wave  with  veloc¬ 
ity  appropriate  to  the  plate  at  the  long  period  end.  There  is 
wave  guide  propagation  with  no  leakage  for  the  short  period 
Rayleigh  waves,  but  the  long  period  longitudinal  waves  will  suffer 
attenuation  through  radiation  of  energy  into  the  fluid.  In  higher 
modes  it  can  be  shown  that  the  first  arrived  of  short  period  3V 
waves  is  simultaneous  with  the  SH  waves  which  initiate  Lg  in  the 
above  discussion. 

Furthermore  the  impulsive,  high-frequency  beginning  of  SV 
waves  propagated  in  the  second  mode  is  similar  to  that  for  SH  waves, 
corresponding  to  the  disturbances  in  the  other  two  components  as 
described  above.  If  both  modes  are  present  the  first  motion  due 
to  SV  would  be  high  frequency  waves  at  the  velocity  ft  on  the  verti¬ 
cal  and  longitudinal  components  showing  reverse  dispersion.  They 
would  be  followed,  at  a  velocity  .92/J  by  Rayleigh  wavs 3  whose 
period  corresponds  to  a  wave  length  small  compared  to  the  thickness 
of  the  plate.  The  subsequent  part  of  the  record  would  consist  of  a 
mixture  of  the  two  modes,  but  in  the  case  of  the  hypothetical  earth 
structure  added  features  would  be  introduced  by  the  finite  thickness 
of  the  liquid  layer  and  by  propagation  through  the  underlying  solid 
which  controls  the  propagation  of  the  long  period  Rayleigh  waves. 


According  to  this  theory  wo  might  expect  long  longitudinal 
wares  commencing  with  a  velocity  *94  and  compressional  waves  of 
short  period  commencing  with  the  velocity  •<  ,  but  these  will  be 
much  more  strongly  attenuated  than  the  Lg  waves ,  due  to  larger 
leakage  of  energy  through  the  liquid  layer*  Clearly  the  effect  of 
viscosity  also  must  be  considered* 

The  numerous  curious  features  of  S  are  well  known*  A  partial 
list  includes  poor  transmission  from  shallow  shocks  for  distances 
between  5°  and  25°,  periods  so  different  from  that  of  P,  dependence 
on  travel  time  on  polarisation*  It  is  clear  that  a  thin  viscous 
smai-liquid  layer  at  or  above  the  base  of  the  crust  would  strongly 
affect  shear  waves,  particularly  in  the  shorter  period  range*  Such 
a  layer  could  not  readily  be  detected  by  travel  time  techniques, 
excluding  those  where  the  focal  depth  varies  to  exceed  layer  depth* 
It  is  mostly  by  surface  wave  studies,  reflections  and  amplitude 
studies  such  as  used  by  Gutenberg**  that  this  layer  could  be  detect¬ 
ed*  We  believe  that  the  evidence  which  led  Gutenberg  to  propose 
the  existence  of  a  low  velocity  layer  is  not  Inconsistent  with 
the  existence  of  a  semi-liquid  layer  at  the  base  of  the  crust* 


CONCLUSIONS 

The  fact  that  l£  is  observed  for  continental  paths  only, 
being  gradually  eliminated  as  the  ocean  path  increases  beyond  100  km 
offers  good  support  of  the  conclusion  based  on  Rayleigh  wave  propaga- 


4*  B*  Gutenberg,  "Structure  of  the  Earth's  Crust  in  the  Continents", 
Science  111:  29-30,  1950* 


tion  across  oceans^  and  seismic  refraction  investigations  of  ocean 
basins^  that  the  sialic  layer  is  limited  to  continents  only*  There 
are  many  observatories  so  located  that  the  occurrence  of  Lg  on  a 
record  would  be  highly  diagnostic  for  immediate  epicenter  location* 

Lg  is  a  powerful  tool  for  the  investigation  of  crustal  structure 
under  small  bodies  of  water  provided  paths  are  chosen  so  that  lateral 
refraction  does  not  introduce  complications*  For  example,  the 
possibility  that  sialic  crust  of  continental  thickness  underlies  the 
Gulf  of  Mexico  may  be  quickly  rejected  by  inspection  of  the  Palisades 
records  from  shocks  off  Mexico* 

The  high  quality  of  the  wave  guide  which  transmits  is 
remarkable*  The  efficient  energy  transmission  from  small  quakes  and 
the  similarity  of  various  North  American  paths  except  those  along 
mountain  systems  means  that  a  simple  set  of  parameters  will  specify 
the  '•mean"  sialic  crust*  This  suggests  that  on  the  whole  the  sialic 
crust  of  the  continent  approximates  a  plate  with  good  precision*  We 
interpret  this  broadly  —  roots  of  mountain  systems  and  other  thick¬ 
ness  variations  of  limited  lateral  extent  would  not  prevent  trans¬ 
mission  of  Lg,  although  they  would  affect  the  regularity  of  the 
dispersion.  On  the  other  hand,  propagation  along  the  mountain 
systems  of  West  Coast  of  North  America  alters  the  velocity  and 
character  of  Lg. 


5*  Maurice  Ewing  and  Frank  Press,  “Crustal  Structure  and  Surface 
Wave  Dispersion”,  Bull*  Seism*  Soc*  Amer*,  40:  271-280,  1950. 
6.  Maurice  Ewing,  J.  L.  Worzel,  J.  B*  Hersey,  Frank  Press  and  G. 
R.  Hamilton,  "Refraction  Measurements  in  the  Atlantic  Ocean 
Basin,  Part  !•",  Bull,  Seism.  Soc*  Amer*.  40:  233-242,  1950. 


The  apparent  discrepancy  between  the  uniform,  homogeneous 
continental  crust  revealed  by  Lg  and  the  highly  irregular  one 
revealed  by  seismic  refraction  measurements  using  explosions  as 
sources,  is  probably  completely  explained  by  the  difference  in 
the  wave  lengths  used  in  the  two  techniques • 
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Figure  1.  Typical  Lg  phases;  A)  Palisades  N-S  seismogram  for  shock  17c; 

B)  Pasadena  Linear  Strain  Seismogram  for  shock  9;  C)  Fresno  Z 
seismogram  for  shock  19a. 
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Figure  2.  Palisades  seismograms  illustrating  Lg  and  Rg  for  shook  15b 
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Figure  3.  Paths  traversed  by  Lg  phases  listed  in  Table 


Figure  4.  Typical  seismogram  from  a  shallow  water  shot  illustrating 
reverse  dispersion  in  the  water  wave. 


Figure  5.  Dimensionless  phase  velocity  <s//3,  and  group  velocity  u//4, 
curves  for  SH  waves  in  a  plate. 
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